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Abstract 

Bilinguals have been shown to exhibit a performance advantage on executive control tasks, outperforming their 
monolingual counterparts. Although a wealth of research has investigated this 'bilingual advantage' behaviourally, 
electrophysiological correlates are lacking. Using EEG with a Stroop task that manipulated the stimulus onset asynchrony 
(SOA) of word and colour presentation, the current study addressed two facets of the bilingual advantage. The possibility 
that bilinguals experience superior conflict processing relative to monolinguals (a 'conflict-specific advantage') was 
investigated by comparing behavioural interference effects as well as the amplitude of the N inc , a conflict-related ERP 
component occurring from approximately 300-500 ms after the onset of conflict. In contrast, the hypothesis that bilinguals 
experience domain-general, conflict-independent enhancements in executive processing (a 'non-conflict-specific 
advantage') was evaluated by comparing the control condition (symbol strings) between groups. There was some 
significant, but inconsistent, evidence for a conflict-specific bilingual advantage. In contrast, strong evidence emerged for 
a non-conflict-specific advantage, with bilinguals demonstrating faster RTs and reduced ERP amplitudes on control trials 
compared to monolinguals. Importantly, when the control stimulus was presented before the colour, ERPs to control trials 
revealed group differences before the onset of conflict, suggesting differences in the ability to ignore or suppress 
distracting irrelevant information. This indicates that bilinguals experience superior executive processing even in the 
absence of conflict and semantic salience, and suggests that the advantage extends to more efficient proactive 
management of the environment. 
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Introduction 

'Executive control' is an umbrella term comprising a host of 
functions such as decision making, task switching, and inhibitory 
control. Inhibitory control in particular is typically studied using 
paradigms that require overcoming conflict. For example, the 
Stroop task [1] consists of colour words printed in coloured ink 
and instructs participants to ignore the word and name its ink 
colour. In incongruent trials, in which the word and colour do not 
match (e.g. 'red' printed in blue ink, correct response 'blue'), the 
conflict between the word and colour stimuli must be resolved 
before a correct response can be made. Overcoming this conflict 
creates longer reaction times (RTs) compared to control trials (e.g. 
'xxxx' printed in blue). In contrast, for congruent trials, in which 
the word and colour match, the converging information facilitates 
a response and leads to faster RTs (see [2] for a review). The 
'Stroop effect' is typically calculated as incongruent RTs minus 
congruent RTs; 'interference effects' as incongruent minus control 
RTs; and 'facilitation effects' as control minus congruent RTs. 
The magnitudes of Stroop or interference effects are often used as 
a proxy of executive control abilities, reflecting the success in 
monitoring for, detecting, and resolving cognitive conflict. Many 
individual differences can affect executive control abilities (e.g. 



[3,4]). One such difference, which is the focus of the current study, 
is bilingualism. 

The bilingual advantage in executive control: Two 
hypotheses 

A popular phenomenon in the bilingualism literature is that of 
a 'bilingual advantage' in executive control: across a range of 
executive function tasks, bilinguals routinely outperform their 
monolingual counterparts (see [5-9] for reviews). This is drought 
to occur because bilinguals activate both of their languages in 
parallel, even in completely monolingual contexts [10-18]. This 
'nonselective' activation creates cross-linguistic influences, which 
can cause both interference and facilitation during language 
processing (see reviews in [19-22]). These cross-linguistic influ- 
ences necessitate a mechanism of language control to avoid cross- 
linguistic speech or comprehension errors (e.g. [22,23]; although 
how and where control is operating might differ for comprehen- 
sion and production: see [24]). Accordingly, studies of bilingual 
language processing have demonstrated that bilinguals actively 
recruit cognitive control during language processing (e.g. 
[16,17,25]). Note that monolinguals also recruit cognitive control 
during language processing (e.g. [26]), but theoretically bilinguals 
recruit these functions to a greater extent due to the added cross- 
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linguistic influences from non-selective lexical access [27]. This 
recruitment of executive control during language processing is 
thought to enhance executive control abilities, generating a bi- 
lingual advantage on executive control tasks. 

A bilingual advantage has been documented on a host of 
cognitive control tasks, including tasks of cognitive flexibility [28- 
32], attentional control [33,34], and even theory of mind [35,36] 
and learning new words [37]. In inhibitory control specifically, 
bilinguals generally show smaller interference effects (the RT 
difference between incongruent and control trials) than mono- 
Unguals on both linguistic and non-linguistic conflict paradigms 
like the Stroop and Simon tasks [38-45], suggesting superior 
abilities at managing and resolving domain-general conflict. The 
smaller conflict effects for bilinguals when comparing incongruent 
and congruent trials is termed the bilingual 'interference 
advantage'. 

The bilingual advantage has garnered significant attention in 
the past few years, as the reliability and robustness of this 
phenomenon has been called into question in a number of review 
papers [9,46,47] . In a recent review, Hilchey & Klein [9] provided 
an alternative way of assessing the bilingual advantage. They 
reported that a more common finding is the presence of a bilingual 
'global reaction time' advantage such that bilinguals are faster 
than monolinguals on all trial types: incongruent, congruent, and 
control (e.g. [33,39,42,48]; although see [40]). To distinguish 
between the bilingual interference advantage and the bilingual 
global RT advantage, Hilchey & Klein outlined two hypotheses 
regarding bilingual executive processing: the 'bilingual inhibitory 
control advantage', or BICA, hypothesis; and the 'bilingual 
executive processing advantage', or BEPA, hypothesis. 

The BICA hypothesis refers specifically to the finding of smaller 
interference effects on inhibitory control tasks for bilinguals 
compared to monolinguals. This is thought to occur because 
bilinguals engage inhibitory control mechanisms to control cross- 
linguistic interference during language processing (see the In- 
hibitory Control model: [23]). This therefore predicts that 
bilinguals will have more efficient inhibitory processes in the 
presence of conflict, conferring an advantage on incongruent trials 
and resulting in reduced interference effects compared to 
monolinguals. Most conflict tasks assess inhibitory control by 
quantifying and comparing interference effects (incongruent vs. 
control) and Stroop/Simon effects (incongruent vs. congruent); 
since the BICA hypothesis predicts superior performance on these 
measures due to the presence of conflict, this 'interference 
advantage' has become the most common conception of the 
bilingual advantage. Crucially, as the BICA hypothesis predicts 
advantages in conflict control, it predicts no difference between 
groups in the absence of conflict, such as control or congruent 
trials. It therefore cannot explain why bilinguals more often 
demonstrate faster RTs on all trial types, i.e. the global RT 
advantage. 

In contrast, the BEPA hypothesis states that bilinguals have an 
advantage in domain-general executive processing which is not 
restricted just to conflict processing, but is manifest as a more 
general advantage in cognitive monitoring [33,42]. Although 
Hilchey & Klein do not propose a formal model for how this 
advantage might manifest, evidence from the literature supports 
this hypothesis and provides a number of mechanisms by which it 
might work. For example, Costa et al. [33] proposed that 
bilinguals have a more efficient mechanism of monitoring the 
environment for conflict and evaluating the need to implement 
conflict resolution processes. This enhanced domain-general 
executive processing leads to faster processing in all contexts and 
on all trial types, thus explaining the global RT advantage. 



Alternatively, Hernandez et al. [49] have suggested that bilinguals 
have more efficient top-down guidance of attention, allowing them 
to be less distracted by irrelevant information and more efficient at 
guiding their attention towards the relevant stimulus. This would 
explain the global RT advantage even on control trials: although 
there is no conflict present in control trials, these trials still require 
executive processes such as attending to one dimension of the 
stimulus and ignoring the other, thus it may be that bilinguals are 
better at directing attentional control towards the task-relevant 
stimulus and away from the task-irrelevant distracting stimulus. 
Because the global RT advantage generally reduces processing 
time equally across congruencies, bilinguals and monolinguals may 
not differ significandy when comparing interference effects, which 
could explain the elusiveness of the bilingual interference 
advantage. However, the difference in cognitive abilities can 
become clear when comparing the global RT (collapsed over 
congruencies) or control RTs. 

The BICA and BEPA hypotheses will be investigated in the 
current study via investigation of the presence of two specific 
subtypes of the bilingual advantage. To avoid confusing termi- 
nology, we will henceforth use the term 'conflict-specific advan- 
tage' in reference to the phenomenon that bilinguals might show 
an advantage in inhibitory control, as proposed by the BICA 
hypothesis. We will identify a conflict-specific advantage in 
bilinguals by comparing Stroop (incongruent vs. congruent) and 
interference (incongruent vs. control) effects. In contrast, we use 
the term 'non-conflict-specific advantage' to refer to the phenom- 
enon that bilinguals show more efficient global cognitive control, 
as proposed by the BEPA hypothesis. In the current study, we use 
the control condition as a metric of this advantage to eliminate the 
influence of conflicting or facilitating information (from incongru- 
ent and congruent conditions, respectively) that may contribute to 
the global RT when collapsing over congruencies. Because the 
control stimulus in our paradigm (a string of percent signs) 
contained no linguistic or conflicting information, comparing 
groups on this neutral condition should provide a better measure 
of domain-general executive control than collapsing across all 
congruencies. (In addition, note that the term 'bilingual advantage' 
is used here to more generally refer to advantages on executive 
control tasks, and comprises both the interference and global 
advantage. Similarly, the term 'cognitive control' is used to 
describe executive control processes more generally, when we 
discuss both inhibitory control and general monitoring abilities, or 
when the specific type of control is not determinable. In contrast, 
'inhibitory control' refers specifically to the resolution of conflict.). 

Note that the BICA and BEPA theories are not mutually 
exclusive. Although Hilchey & Klein [9] offer no hypotheses 
regarding the presence of both smaller interference effects and 
faster overall RTs, it is possible that bilinguals have superior 
inhibitory control and more general cognitive processing abilities, 
as some researchers have reported (e.g. [44]). We investigate 
conflict-specific and non-conflict-specific effects independendy, but 
do not rule out the possibility of finding evidence of both. 
Importantly, however, the main distinction between the BICA and 
BEPA hypotheses is that the BICA hypothesis predicts group 
differences only in the presence of conflict, whereas the BEPA 
hypothesis predicts more domain-general advantages in attention- 
al control or monitoring. Therefore situations in which stimulus 
presentation occurs similarly but the onset of conflict is delayed, 
the presence of group differences before the onset of conflict would 
support the BEPA but not the BICA hypothesis. The current study 
tests this hypothesis by recording electrophysiology (EEC) during 
a Stroop task with varying SOAs. In the following sections we 
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review the literature on the bilingual advantage using EEG and 
the manipulation of SOA, respectively. 

Electrophysiological measures of executive control and 
the bilingual advantage 

Behavioural studies are notably limited in their ability to detect 
subtie differences in cognitive functioning between groups; 
multiple different underlying cognitive functions could produce 
similar behavioural results both within and between individuals. 
For example, fMRI studies have shown that even when 
monolinguals and bilinguals show no differences in behavioural 
effects, they show different patterns of brain activity underlying 
those similar behavioural effects (e.g. [50]). Therefore neuroima- 
ging techniques are crucial for a more fine-grained measure of 
cognitive differences between groups, to which RT latencies might 
not be sensitive. By just looking at behavioural results, the bilingual 
advantage literature may be missing more subtle differences 
between monolinguals and bilinguals in the underlying cognitive 
architecture. 

The current study used EEG to obtain fine-grained temporal 
information about the neural activity underlying the bilingual 
advantage. Although many studies have investigated the bilingual 
advantage behaviourally, surprisingly few have investigated the 
neural correlates of this enhanced control. The majority of 
neuroimaging studies have used fMRI, documenting differences 
between monolinguals and bilinguals in the recruitment and 
activation of the executive control network during conflict 
processing or task-switching [28,48,50,51]. However, as we will 
describe in more detail below, group differences occurring before 
the onset of conflict would be critical for distinguishing between 
the BICA and BEPA hypotheses, yet there is a paucity of literature 
investigating the bilingual advantage using EEG. 

In monolingual studies of conflict processing and executive 
control, the event-related potential (ERP) of primary interest is 
a more negative-going wave in incongruent trials as compared to 
congruent or control trials. In the Stroop task in particular, 
incongruency effects typically occur from approximately 300- 
550 ms post-stimulus over centro-parietal scalp [52-56]; this 
component is sometimes referred to as an N400 or N450. We refer 
to this conflict component in the Stroop task as the N; n<: (a 
'negativity associated with incongruency'; see [57]) to avoid 
latency specifications and also to avoid confusion with the N400 
component that is typically elicited by language and semantic 
processing (e.g. [58]). The N in(: is believed to reflect conflict 
processes which are more active in incongruent trials, and has 
been localized to the anterior cingulate cortex (ACC) in the 
prefrontal lobe [54—56,59,60], a structure that is reliably activated 
by executive control tasks (see [61-63] for reviews). Our previous 
work has demonstrated that the N in( . is elicited by conflict even 
after a response has been made [57], suggesting that, while it may 
reflect more general conflict processing, it is specifically sensitive to 
conflict detection. 

In the only published ERP study to investigate the bilingual 
advantage using EEG, Kousaie & Phillips [64] compared bilingual 
and monolingual performance on Stroop, Simon, and flanker 
tasks. They evaluated the N2, an earlier conflict component 
typically reported in flanker and Simon conflict tasks that occurs 
from approximately 200-300 ms at frontocentral locations [65- 
67]. Kousaie & Phillips reported no bilingual advantage in 
behavioural interference effects, although differences arose in the 
ERP data: bilinguals showed a smaller N2 in the Stroop task, but 
no differences in the Simon or flanker tasks. Although the authors 
focused on the N2 rather than the N inc component, these results 



suggest that bilinguals may show reduced amplitudes of conflict- 
related components compared to monolinguals. 

Unpublished data by Heidlmayr, Moutier, Hemforth, and Isel 
(2012), who tested monolinguals and bilinguals on a Stroop task 
with EEG, showed similar effects. Although there was no 
behavioural evidence of a bilingual advantage in inhibitory 
control, in the EEG data monolinguals demonstrated significant 
conflict effects at the N; n<: (referred to as an N400) and a late 
positive component (LPC), whereas the bilingual LI showed only 
a significant Ni nc effect. Comparisons of the group waveforms 
suggested that the amplitude of the N; m: was reduced for bilinguals 
relative to monolinguals; however, this was not statistically 
compared. 

The results of these two studies thus suggest that bilinguals may 
exhibit a reduction in conflict-related ERP amplitudes. This could 
reflect more efficient conflict processing (e.g. [68]), although 
a positive relationship has also been documented such that poorer 
cognitive control is associated with a smaller N inc [69,70]. 
However, both of these previous studies focused only on conflict- 
related ERP components, and did not evaluate domain-general 
differences in executive control as predicted by the BEPA 
hypothesis. 

The current study contributes to this sparse literature by 
administering a Stroop task in monolinguals and bilinguals using 
EEG. Unlike other studies, we compared not only conflict effects 
between groups but also behavioural and electrophysiological 
responses to the control conditions (symbol strings), thereby 
specifically evaluating the BICA and BEPA hypotheses. The BICA 
hypothesis theorizes a conflict-specific bilingual advantage and 
consequendy would predict amplitude differences in the N; nc 
component (as this component is identified by the behaviour of 
incongruent trial waveforms). Specifically, based on the findings of 
previous work using EEG to investigate the bilingual advantage, 
bilinguals are expected to show smaller Ni nc effects (i.e. a smaller 
amplitude difference between incongruent and congruent/ control 
waveforms) than monolinguals, demonstrating more efficient 
processing. In contrast, the BEPA hypothesis predicts a non- 
conflict-specific bilingual advantage in general executive proces- 
sing, which we examine by comparing the control trials between 
groups. In the current paradigm, the control trials contained no 
linguistic or conflicting semantic information; therefore any 
differences between the groups on these trials would indicate 
conflict-independent effects of bilingualism on executive proces- 
sing. The BEPA hypothesis predicts faster behavioural RTs on 
control trials for bilinguals; however, if reduced ERP amplitudes 
are indicative of more efficient processing (e.g. [68]), reduced 
amplitudes for control waveforms are also predicted in the EEG 
data. In contrast, the BICA would predict no differences between 
monolinguals and bilinguals on control trials, either behaviourally 
or electrophysiologically, as no conflict is present. In particular, the 
comparison of control trials between monolinguals and bilinguals 
with EEG will provide valuable insight into the nature of the 
bilingual global RT advantage. 

SOA manipulation in the Stroop task 

The current paradigm also manipulates the stimulus onset 
asynchrony, or SOA, between the word and the colour stimuli. 
SOA manipulation provides further tests of the BICA and BEPA 
hypotheses by potentially eliciting group differences before the 
onset of conflict (—400 SOA), and by maximizing the amount of 
inhibitory control required (0 SOA), respectively. 

First introduced in the 1970's and 1980's [71-74], SOA 
manipulation in the Stroop task varies the onset of word and 
colour stimuli such that the irrelevant stimulus is either pre- or 
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post-exposed relative to the target stimulus. A 'negative SOA' 
presents the irrelevant stimulus (e.g. the word, in a colour-naming 
Stroop task) before the relevant target stimulus (the colour) at 
a specific interval. For example, a negative 400 ms SOA (' — 
400 ms SOA') pre-exposes the word for 400 ms before the colour 
appears. A 'positive SOA' presents the irrelevant stimulus after the 
relevant: for example, a +400 ms SOA presents the word 400 ms 
after colour presentation. A '0 ms SOA' presents the word and 
colour simultaneously, as in a traditional Stroop task (see Figure 1 
for an illustration). In a series of seminal experiments, Glaser & 
Glaser [73] used nine SOAs (-400 ms to +400 ms in 100 ms 
intervals) to investigate the precise timing of interference. Maximal 
interference effects occurred at and around the 0 ms SOA; with 
increasing negative SOAs, interference effects decreased but were 
not abolished, indicating that word reading can interfere with 
colour naming even at long pre-exposures. Facilitation effects were 
larger at negative SOAs than at positive SOAs, indicating 
beneficial effects of word pre-exposure on congruent trials. In 
positive SOAs, interference was diminished but still significant at + 
200 ms, but all effects were gone by later SOAs, indicating that the 
irrelevant word appears too late to influence colour naming. 
Studies using the Stroop SOA paradigm with EEG have 
demonstrated that the N; nc occurs earlier in negative SOAs 
[52,57,75]. However, across this previous research, both the — 
200 ms and —400 ms SOAs show a similar forward shift of 
approximately 200 ms. This demonstrates that conflict detection 
processes depend on the speed of lexico-semantic access [57]: 
Stroop conflict originates at the semantic activation of the 
irrelevant word, meaning that conflict cannot be detected until 
both stimuli are presented and the word is fully activated. As full 
semantic access may occur as early as 200 ms [76,77], any further 
pre-exposure beyond approximately 200 ms (i.e. in the —400 ms 
SOA) does not additionally speed up conflict detection processes. 

Importantly, the fact that different amounts of interference are 
typically elicited by each SOA suggests differences in how the 
brain exerts inhibitory control in each condition. SOA manipu- 
lation thus introduces a manipulation of task difficulty, which may 
modulate the presence or magnitude of the bilingual interference 
advantage (e.g. [33,42]). Although a bilingual advantage has been 
reported across the lifespan [39,40,78-81], it seems to be more 
difficult to elicit in young adults who are at the peak of their 
cognitive abilities. In young adults, a bilingual advantage is often 
only found in situations of high cognitive demand (e.g. [33]). As 
a result, many studies vary the task difficulty by manipulating the 
proportion of incongruent and congruent trials [33] or the time 
given to resolve conflict before responding [42]. To maximize the 
amount of conflict and therefore increase the chances of finding 
a group difference in inhibitory control that would support the 
BICA hypothesis, the current study includes a 0 ms SOA. Based 
on previous Stroop literature using SOA manipulation (e.g. 
[57,73]), we predict that the 0 ms SOA will be the most 
cognitively demanding and will subsequently elicit the largest 



a) -400 ms SOA b) 0 ms SOA 




Figure 1 . Example trial sequence. Example of the trial sequence for 
a) a —400 ms SOA congruent trial; and b) a 0 ms SOA control trial. 
doi:1 0.1 371 /journal.pone.01 03424.g001 



interference effects in both groups. Based on previous bilingual 
and ERP literature, we predict that the bilingual interference 
advantage will be manifest as smaller interference effects 
(especially in the most cognitively demanding tasks, i.e. the 0 ms 
SOA) and reduced N in[ . amplitudes for bilinguals. 

To test the BEPA hypothesis, the current study also includes 
a —400 ms SOA. In the —400 ms SOA, the distracting word or 
control stimulus is presented 400 ms before the target colour. If, as 
proposed by the BEPA hypothesis and by others [33,49], the 
bilingual advantage stems from more efficient cognitive monitor- 
ing and/ or guidance of attention, even in the absence of conflict, 
we might expect group differences after the onset of the distractor 
but before the onset of the target stimulus. In contrast, the BICA 
hypothesis, which proposes that bilinguals have superior inhibitory 
control in the presence of conflict would predict no differences 
before the onset of the second stimulus in the —400 ms SOA 
because conflict cannot occur until both stimuli are presented. We 
will evaluate this possibility by looking for group differences in the 
— 400 ms SOA before the presentation of the colour stimulus. The 
use of SOA manipulation in combination with EEG thus provides 
a novel way of investigating the bilingual advantage. 

The current study 

In sum, the current study seeks to evaluate the effects of 
bilingualism on electrophysiological measures of a Stroop task with 
SOA manipulation. Specifically, two hypotheses of bilingual 
executive processing are evaluated. The BICA hypothesis proposes 
that bilinguals have superior abilities in detecting and resolving 
conflict and therefore predicts smaller interference effects and 
reduced N; nc amplitudes for bilinguals, particularly in the most 
cognitively-demanding 0 ms SOA. The BEPA hypothesis predicts 
that bilinguals experience enhanced executive processing in- 
dependent of the presence of conflict, which should be reflected 
in faster RTs and differences in ERP amplitude for control trials. 
Furthermore, group differences arising before the onset of the 
target stimulus in the —400 ms SOA would suggest that this 
domain-general enhancement in executive control stems more 
specifically from enhanced abilities of monitoring and/ or atten- 
tional control, in support of the BEPA hypothesis. 

To test these hypotheses, we administered a Stroop task with 
two SOAs to Chinese-English bilinguals and English monolinguals 
during concurrent EEG recording. Bilinguals performed the 
Stroop task in both their LI (Chinese) and their L2 (English) 
during separate recording sessions. We tested the bilinguals in both 
languages to rule out the possibility that language-specific 
characteristics might contribute to any differences between the 
groups. Importantly, if the experience of bilingualism enhances 
inhibitory control and executive functions globally, then we 
hypothesize that a bilingual advantage should occur in both the L 1 
and L2 for bilinguals compared to monolinguals [43]. 

It is possible that the LI and L2 will elicit differences in Stroop 
interference effects and control RTs due to the relative 
proficiencies of the languages in bilinguals. For example, previous 
literature has demonstrated smaller Stroop interference effects in 
the L2 than in the LI in bilinguals [82-86]. This has been 
attributed to a 'reduced automaticity' of the L2 ([22,87]; see also 
the Discussion); in other words, bilinguals experience smaller 
interference effects in the L2 than in the LI not because of 
enhanced cognitive control, but because of a smaller influence of 
the distracting word. Similarly, although we test the BEPA 
hypothesis in the current study by comparing control trials, which 
contain no linguistic information, it is possible that the language 
context (LI or L2) may influence domain-general cognitive 
processing abilities. Crucially, however, for both conflict-specific 
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and non-conflict-specific effects, there should be significant 
differences for both the bilingual LI and L2 compared to 
monolinguals, demonstrating a more global cognitive advantage 
across languages. Therefore in the current study we hypothesized 
that a conflict-specific bilingual advantage would be manifest as 
smaller Stroop interference effects (both behaviourally and 
electrophysiologically) for both the bilingual LI and L2 compared 
to monolinguals, with potential differences between LI and L2 
interference effects. We hypothesized that a non-conflict-specific 
bilingual advantage would be manifest as smaller control RTs and 
differences in ERP amplitudes on control trials for both the 
bilingual LI and L2 compared to monolinguals. 

Methods 

Participants 

Bilinguals. The bilingual participants were 25 Chinese- 
English bilinguals from the University of Nottingham (19 female; 
mean age = 23.4 years, SD = 4.0). All participants reported no 
colour-blindness and were right-handed. All attended the Univer- 
sity of Nottingham as either undergraduate or postgraduate 
students; they had an average of approximately 17 years of 
education (M= 16.6, SD = 1.7 years). All participants were native 
Mandarin speakers who had acquired English at approximately 10 
years of age (SD = 3.4 years) but were dominant in Mandarin. All 
lived in England at the time of testing and were therefore 
immersed in their L2 and encountered it on a daily basis. The 
foreign-language minimum requirements for the University of 
Nottingham are an IELTS score of 6.0 or a TOEFL score of 79; 
therefore all participants were proficient in English. 

Participants also completed a language background question- 
naire prior to testing. Their overall self-reported Chinese pro- 
ficiency, averaged across reading, writing, speaking and listening, 
was 9.6 on a 10-point scale (SD = 0.9). Their overall self-reported 
English proficiency, averaged across reading, writing, speaking 
and listening, was 7.0 on a 10-point scale (SD = 1.3). They rated 
their daily use of LI as 3.8 (SD = 1.0), on a scale from 1 (rarely) to 
5 (always), and daily use of L2 as 2.7 (SD = 0.9), indicating that 
they used Chinese more often than English. Some participants 
(N= 16) reported knowing other languages in addition to Chinese 
and English. A handful of participants (N = 6) were from Malaysia 
and also reported speaking Malay. Critically, however, all 
participants reported that Chinese was the language they felt 
most comfortable speaking, and the general patterns of results 
were similar when analysing just participants from mainland 
China (N= 19). 

Monolinguals. The monolingual participants were 28 mono- 
lingual native English speakers from the University of Nottingham 
(16 female; mean age = 22.2 years, SD = 5A). All participants 
reported no colour-blindness and were right-handed. All partic- 
ipants attended the University of Nottingham as students or 
worked as administrators; they had an average of approximately 
15 years of education (M= 15.4, SD =1.7 years). A language 
background questionnaire was administered before testing to 
gather more information about native and foreign language skills. 
The majority of participants (N = 24) reported studying other 
languages, but none considered themselves proficient in anything 
but English (average overall proficiency in other languages = 4.12, 
SD — 1.6, on a scale from 1 (not proficient at all) to 10 (fluent)). 

The groups did not significantly differ on age (p = 0.42), 
although bilinguals did have slightly more education than 
monolinguals (p = 0.004) due to the fact that the monolingual 
group consisted of more undergraduate students. 



The data from the monolingual participants has been previously 
reported in [57], which focused on the effects of SOA 
manipulation on conflict-related ERP components in monolin- 
guals. The data has been re-analysed for the purpose of this 
comparison with bilinguals. 

Design and Materials. In the English task, word stimuli 
consisted of the words 'red', 'green', and 'blue' in lowercase letters 
printed in white ink on a black background. In the Chinese task, 
word stimuli were the Chinese characters for 'red', 'green' and 
'blue': £E, £R, and tt, printed in white ink on a black background. 
In both tasks, a non-colour, non-word stimulus that matched the 
visual input of the words ('%%%% 'in English; '%' in Chinese) was 
included as a control stimulus, also printed in white ink on a black 
background. Colour stimuli for both tasks were red, green and 
blue rectangles surrounding the word stimuli. Participants 
responded to the colour of the rectangle by pressing a button on 
the keyboard (right index finger for red, right middle finger for 
green, right ring finger for blue). 

Procedure. All procedures were approved by the Ethics 
Committee of the University of Nottingham School of Psychology. 
Participants were fully informed of the procedures and the goal of 
the study, and gave their written informed consent prior to testing. 

Bilingual participants performed two sessions, one for each 
language (LI Chinese and L2 English), on consecutive days. The 
order of language administration was counterbalanced across 
participants. Monolingual participants performed only one session 
(in English). All testing sessions were approximately 1.5 hours 
including EEG net application and set-up. Participants were given 
a brief practice session with only colour stimuli before each session 
to practise the colour-response mappings, followed by the 
experimental session which was approximately 50 minutes long. 

Stimuli were presented using E-Prime. The experimental 
session included twelve blocks of approximately 4 minutes each. 
Two SOAs (—400 ms, 0 ms) were used: SOA was blocked and 
counterbalanced across participants. (A +400 ms SOA was also 
included in this experiment (see Coderre, 2012 (unpublished 
doctoral dissertation)); however, this data is not reported here 
because only the —400 and 0 SOAs are relevant for investigating 
the BEPA and BICA hypotheses.) Each SOA included 216 
randomly presented trials (72 congruent, 72 control, 72 in- 
congruent). In each trial, a fixation cross first appeared for 500 ms 
followed by a blank screen for 300 ms. In the —400 ms SOA, the 
word appeared on the screen alone for 400 ms before being 
surrounded by the coloured rectangle (Figure la). In the 0 ms 
SOA, both stimuli appeared simultaneously (Figure lb). Once 
both word and colour stimuli had appeared, both remained on the 
screen for 1000 ms, followed by a blank screen presented at an 
inter-stimulus interval (ISI) varying from 1500-2000 ms before the 
start of the next trial. 

Data Acquisition 

High-density ERPs were recorded at 250 Hz using an EGI 
Geodesies 128-channel sensor net and NetStation version 4.3. 
Impedences were kept under 50 k£i, where possible. Data was 
preprocessed using EEGlab version 6.0 and Madab version 7.9. 
The data was first filtered using a 0.5-40 Hz bandpass filter, and 
transformed using an average reference transform to the Cz 
electrode. Correction for eye movement artifacts was performed 
using a combination of principal component analysis (PCA) and 
independent component analysis (ICA). First, a PCA was run to 
identify the number of components required to explain 99% of the 
data. ICA was then performed using the number of components 
specified by the PCA. Following ICA decomposition, eye move- 
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English Monolingual Bilingual LI (Chinese) Bilingual L2 (English) 



Figure 2. Mean RTs (ms) for each group and language. 

doi:1 0.1 371 /journal.pone.01 03424.g002 

merits, blinks and other noise components were visually identified 
and manually removed from the data. 

The resulting cleaned continuous data was segmented into 
epochs time-locked to the onset of the colour stimulus. Segments in 
the —400 ms SOA extended from 500 ms before to 1000 ms after 
the colour stimulus, in order to include the cognitive response to 
the word (presented at —400 ms). Segments in the 0 ms SOA 
extended from 100 ms before to 1000 ms after stimuli pre- 
sentation. Additional bad epochs were identified and rejected 
using a joint probability computation. Segments in which the 
behavioural response was an error or outlier (RTs below 250 ms 
or above 2000 ms) were also rejected. The resulting segments were 
baseline corrected using data from the first 1 00 ms of the segment. 
For the bilingual LI there was an average of 94% of trials retained, 
with an average of 67 trials per trial type in the final analysis. In 
the L2 there was an average of 94% of trials retained, with an 
average of 68 trials per trial type. For monolinguals there was an 
average of 9 1 % of trials left, with an average of 66 trials per trial 
type in the final analysis. 

Statistical Analysis of EEG Data 

Based on previous literature, the N inc . occurs from approxi- 
mately 300-600 ms, so analyses were restricted to this pre- 
specified time window for the 0 ms SOA. Based on previous 
literature [52], in the —400 ms SOA the analysis window was 
defined as the traditional window plus a 200-ms negative shift, 
making an Ni m: window from 1 00-600 ms after presentation of the 
colour stimulus. 

As Nhic effects are generally reported at centro-parietal midline 
electrodes (e.g. [52,54,60]), analyses were performed at Cz and Pz. 
(Analyses were also run using clusters of electrodes around Cz and 
Pz, and the results were similar.) N inc windows were defined by 
visual inspection of the data at these electrodes and based on 
significance using running i-tests within the analysis windows 
defined above. Running i-tests were performed by collapsing the 
raw data into 24 ms bins with 12 ms overlap. Within each bin, the 
average amplitude was compared between congruencies using 
paired-sample i-tests. All graphs present significant windows (p< 
0.05) of running /-tests only within the range of analysis windows 
(100-800 ms after the second stimulus). In the running i-tests, 
a significant Stroop effect for the N; m: was identified as a more 
negative waveform for incongruent than congruent conditions; 
interference effects as a more negative waveform for incongruent 
than control conditions; and facilitation effects as a more negative 
waveform for control than congruent conditions. As the is 
a conflict-related component, its presence was identified by 
a significant difference in the incongruent compared to either 
the control or congruent conditions; if no significant Stroop or 
interference effect occurred within a window this was said to be 
a non-significant effect. 

Difference waves (incongruent minus congruent, to eliminate 
the influence of language processing) were compared between 
groups using running i-tests to identify amplitude differences. 
Topographic plots of the difference waves are also presented in 



Figures 4—8 for the relevant N in( . windows in each group, to show 
the extent of component polarity. Electrodes are marked which 
showed a significant difference (jt)<0.05) in the amplitude of 
incongruent and congruent trial waveforms averaged over the 
component window. To identify shifts in the N inc latencies 
between SOAs, latency analyses were performed on the difference 
waves within the relevant windows by identifying where the peak 
minimum amplitude occurred at Cz and Pz, and averaging the 
peak latency over these electrodes. The averaged peak latencies 
were then compared using i-tests to identify significant effects. 

Results 

Incorrect responses (4.1% for monolinguals, 3.1% for LI, 2.7% 
for L2) and outliers (less than 250 ms or greater than 2000 ms: 
0.10% for monolinguals, 0.06% for bilingual LI, 0.11% for 
bilingual L2) were removed from both the behavioural and ERP 
data before statistical analysis. The mean number of errors per 
trial type ranged between 0.5%— 1 .2% for monolinguals, between 
0.3%-0.9% for the bilingual LI, and between 0.1%-0.6% for the 
bilingual L2. For all analyses, effect sizes are reported in Cohen's 
d (for i-tests) and eta-squared (if, for ANOVAs) and were 
calculated accordingly for within-subject or between-subject 
comparisons. 

RT analyses 

The mean RTs for each group are presented in Figure 2. For 
each group a 2 (SOA)x3 (congruency) repeated-measures 
ANOVA was run, and follow-up paired-sample i-tests with 
Bonferroni corrections identified significant Stroop, inhibition 
and facilitation effects. 

In monolinguals, there were significant main effects of SOA (F 
(1,27) = 4.77, £<0.05, if = 0.0 1) and congruency (F(2,54) = 69. 15, 
/j<0.0001, r| = 0.15), and an interaction of SOA and congruency 
(F(2,54) = 27.79, /j<0.0001, if = 0.03). Significant Stroop and 
interference effects occurred at the —400 ms and 0 ms SOAs (see 
Table 1 for full results). Significant facilitation occurred at the — 
400 ms SOA only. 

In the bilingual LI there were main effects of SOA (F 
(1,24) = 5.33, /)<0.05, if = 0.01) and congruency (F 
(2,48) = 64.19, ^<0.0001, if = 0.15) and an interaction (F 
(2,48)= 19.66, /X0.0001, if = 0.04). Significant Stroop and 
interference effects occurred at —400 ms and 0 ms SOAs 
(Table 1), and significant facilitation at —400 ms. 

The bilingual L2 showed a trend of a main effect of SOA (F 
(1,24) = 3.48, /; = 0.07, if = 0.01), a main effect of congruency (F 
(2,48) = 49.45, /X0.0001, if = 0.09) and an interaction of SOA 
and congruency (F(2,48) = 1 1.68, p<0.0001, if = 0.01). Signifi- 
cant Stroop and interference effects occurred at —400 ms, with 
a trend of a significant Stroop effect at 0 ms SOA (Table 1), and 
significant facilitation occurred at —400 ms. 

Therefore the patterns of Stroop interference and facilitation 
effects in a Stroop SOA task for monolinguals replicated previous 
findings [43,73]. Similarly, the bilinguals, in both LI and L2, 
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showed comparable conflict and facilitation patterns as previously 
reported [43,57]. 

Comparisons of conflict and facilitation effects between 
groups. As stated in the Introduction, we tested the BICA 
hypothesis by comparing conflict effects between groups. It was 
not possible to conduct an overall ANOVA with group as a factor 
with this particular dataset because the bilingual languages were 
within-subjects. Therefore to compare the groups on the 
magnitudes of Stroop, interference and facilitation effects, three 
separate 2 (SOA)x2 (group) ANOVAs were performed for each 
effect to compare: 1) English monolinguals vs. bilingual LI 
(Chinese); 2) English monolinguals vs. bilingual L2 (English); and 
3) bilingual LI (Chinese) vs. bilingual L2 (English). The 
magnitudes of Stroop, interference and facilitation effects are 
presented in Figure 3, and full statistical results are presented in 
Table 2. As we are interested in group effects, only significant 
main effects of group or interactions with group were followed up 
with appropriate (-tests. 

For monolinguals vs. bilinguals LI, there were no main effects of 
group and no significant interactions of SOA and group for any 
effect. 

For the monolinguals vs. the bilingual L2, there was a significant 
interaction of SOA and group for interference effects. Investigat- 
ing this interaction, monolinguals showed significandy larger 
interference effects at the 0 ms SOA (monolinguals = 70 ms, 
S£=llms; bilingual L2 = 32ms, S£=10ms; ((50.6) = 2.61, 
p<0.0l, d = 0.72) but there was no group difference at the — 
400 ms SOA (((50.86)<1, p = 0A5). The monolinguals vs. bi- 
lingual L2 also showed a significant interaction of group and SOA 
in facilitation effects. Following up this interaction, monolinguals 
showed significantly larger facilitation effects than the bilingual L2 
at the —400 ms SOA (monolinguals = 71 ms, SE = 8 ms; bilingual 
L2 = 45ms, S£ = 6ms; f(48.27) = 2.74, p<0M, d = 0.75) but 
there was no difference at the 0 ms SOA (((50.5)= 1.15, p = 0.25). 

For the bilingual LI vs. L2, there was an interaction of SOA 
and group in interference and facilitation effects. Interference 
effects in the 0 ms SOA were marginally significantly larger for the 
LI than the L2 (LI = 55 ms, SE = 11 ms; L2 = 32 ms, SE = 10 
ms; ((24) = 1 .90, p = 0.07, d = 0.38) but there were no significant 
differences in the -400 ms SOA (((24)<1, p = 0.65). Facilitation 
effects in the —400 ms SOA were significantly larger in the LI 
(69 ms, SE = 8 ms) than the L2 (45 ms, SE = 6 ms; ((24) = 3.01, 
p<0.0\ , d = 0.62), but there was no difference in the 0 ms SOA (( 
(24)= 1.48,/) = 0.15). 

As we were also expecting differences in control RTs between 
groups, it is possible that these global RT differences might affect 
the magnitude of conflict and facilitation effects. To account for 
this possibility, we also ran these analyses using normalized effect 
scores. Normalized scores were calculated by dividing the original 
effect size by the RT of the control condition: e.g. normalized 
interference = (incongruent - control)/control [88,89]. For all 
effects, these analyses showed the same patterns of significance as 
the analyses presented here. 

Therefore there were smaller conflict effects for the bilingual L2 
compared to monolinguals but not for the bilingual LI compared 
to monolinguals. Within bilinguals, interference effects at the 0 ms 
SOA were slightly larger for the LI than the L2. 

Comparisons of non-conflict-specific effects between 
groups. To investigate the presence of a bilingual non- 
conflict-specific bilingual advantage, we compared the control 
RTs between groups. As described in the Introduction, because 
these trials contained no conflict, they therefore should not show 
any differences between groups according to the BICA hypothesis. 
Three 2 (SOA)x2 (group) ANOVAs were run comparing: 1) 
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Figure 3. Behavioural data. Behavioural a) Stroop; b) interference; and c) facilitation effects, and d) the average RTs for control trials averaged over 
SOAs, for the monolinguals, bilingual LI and bilingual L2. 
doi:1 0.1 371 /journal.pone.01 03424.g003 



Table 2. RT analyses: Results of the 2 (SOA)x2 (g 


roup) ANOVAs for each effect and group comparison. 






Group comparison Effect of interest 


Main effects/interactions 








SOA 


Group 


SOA*group 


monolinguals vs. Stroop 


F(1,1 02) = 17.05 


F<1 


F(1,102) = 1.19, 


bilingual L1 


p<0.0001 




p = 0.28 


r) 2 = 0.14 


Interference 


F(1,102) = 9.16 


F<1 


F(1,102) = 1.11, 




p<0.01 




p = 0.29 


Tl 2 = 0.08 


Facilitation 


F(1, 102) = 111.67 


F<1 


F<1 


p<0.0001 


r) 2 = 0.52 


monolinguals vs. Stroop 


F(1,102) = 15.16 


F(1,102) = 6.06 


F<1 


bilingual L2 


p<0.001 


p<0.05 






r) 2 = 0.12 


Ti 2 = 0.05 




Interference 


F(1,102) = 3.32 


F(1, 102) = 2.75 


F(1, 102) = 6.47 




p = 0.08 


p = 0.10 


p<0.05 




r) 2 = 0.03 


r] 2 = 0.02 


Ti 2 = 0.06 


Facilitation 


F(l,102) = 78.86 


F(1, 102) = 2.02 


F(1, 102) = 7.96 




p<0.0001 


p = 0.16 


p<0.01 




r) 2 = 0.41 




Ti 2 = 0.04 


bilingual L1 Stroop 


F(1 ,24) = 21.76 


F(1,24) = 6.17 


F<1 


vs. L2 


p<0.01 


p<0.05 






r) 2 = 0.31 


p 2 = 0.04 




Interference 


F<1 


F(1,24) = 1.60 


F(1,24)=4.22 






p = 0.22 


p = 0.05 


r| 2 = 0.04 


Facilitation 


F(1, 24) =65.76 


F(1,24) = 1.13 


F(1,24) = 9.94 




p<0.0001 


p = 0.30 


p<0.01 




r) 2 = 0.60 




Ti 2 = 0.17 
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monolinguals vs. bilingual LI; 2) monolinguals vs. bilingual L2; 3) 
bilingual LI vs. L2. Only main effects of group or interactions with 
group were followed up with appropriate (-tests. 

For the monolinguals vs. bilingual LI, the 2 (SOA)x2 (group) 
ANOVA showed a main effect of group (F(l, 102) = 12.28, p< 
0.001, ti 2 = 0.11) such that monolinguals showed significandy 
longer control RTs (60 1 ms, SE = 1 2 ms), collapsed over SOA, 
than the bilingual LI (545 ms, SE=U ms; ((103.8) = 3.55, p< 
0.001, d = 0.98; see Figure 3d), but no main effect of SOA (F<1) 
and no interaction (F<\). For the monolinguals vs. bilingual L2, 
there was a main effect of group (F{ 1,1 02) = 14.06, p<0.00\, 
T| 2 = 0.12) such that monolinguals again showed longer control 
RTs, collapsed over SOA (601 ms, SE = 12 ms), than the bilingual 
L2 (538 ms, S£=12ms; ((103.7) = 3.78, £<0.001, d=1.04; see 
Figure 3d), but no effect of SOA (F<1) or interaction (F<1). For 
the bilingual LI vs. L2, there was no main effect of language (F< 1) 
or SOA (F<1) and no interaction (F(l,24) = 2.76, p = 0.U). 
Therefore both the bilingual LI and L2 showed faster control RTs 
compared to monolinguals, but there was no difference between 
the LI and L2. Note that this pattern of results was very similar 
when comparing the global RTs (i.e. collapsed over all congru- 
encies) between groups, suggesting that this is truly a global 
advantage. 

Error analyses 

To compare error rates within groups, a 2 (SOA) x 3 (congru- 
ency) repeated-measures ANOVA was run for each group. The 
monolinguals showed a main effect of SOA (F(l,27) = 8.33, p< 
0.01), a main effect of congruency (F(2,54) = 6.46, jb<0.01) and an 
interaction (F(2,54) = 6.17, p<0.0l). Breaking up this interaction 
by SOA revealed that there was no main effect of congruency at 
the —400 ms SOA (F<1) but there was a main effect of 
congruency at the 0 ms SOA (F(2,54) = 9.24, p<0.001). Follow- 
up paired (-tests showed that there were significantly more errors 
in the incongruent condition (M = 5.2, SE = 0.9) compared to both 
the control (M = 2.9, SE = 0.5; ((27) = 2.48, p<0.05) and congru- 
ent conditions (M = 2.3, SE = 0A; ((27) = 4.02, p<0.001), but no 
differences between the congruent and control conditions (( 
(27) = 1.65, p = 0.l 1). Therefore the monolinguals made the most 
errors in the incongruent condition of the 0 ms SOA, which 
confirms our predictions that this SOA would be the most 
cognitively demanding. 

In the bilingual LI, the 2 x3 ANOVA showed no main effect of 
SOA (F(l,24)= 1.28, p = 0.21) a main effect of congruency (F 
(2,48) = 9.84, £<0.0001), and no interaction (F<\). Follow-up t- 
tests demonstrated that there were more errors, when collapsed 
over SOA, in the incongruent condition (M = 3.7, SE = 0.6) than 
in the control (M = 1.3, SE = 0.2; ((49) = 4.71, £<0.0001) and the 
congruent conditions (M = 1.7, SE = 0.3; ((49) = 3.80, /><0.001), 
but no differences between the congruent and control conditions (( 
(49) = 1.29, £ = 0.20). Therefore in the bilingual LI, the in- 
congruent condition elicited more errors overall. 

In the bilingual L2, there was a main effect of congruency (F 
(2,48) = 23.97, £<0.0001). There was no effect of SOA (F<1) but 
a marginal interaction between congruency and SOA (F 
(2,48) = 2.90, p = 0.06). Following up this interaction, there was 
a significant effect of congruency in the —400 ms SOA (F 
(2,48) = 32.68, p<0. 0001) such that the incongruent condition had 
significandy more errors (M = 3.7, SE = 0.4) than both the control 
(M = 0.9, SE = 0.2; ((24) = 6.95, £<0.0001) and congruent condi- 
tions (M= 1.0, SE = 0.2; ((24) = 5.96, £<0.0001). There were no 
differences between control and congruent conditions (((24) = 0.26, 
p — 0.80). In the 0 ms SOA there was also a main effect of 
congruency (F(2,48) = 7.72, p<0.01) such that the incongruent 



condition again elicited more errors (M = 3.1, SE = 0.7) than the 
control (M = 1.7, SE = 0.3; ((24) = 2.31, p<0.05) and the congru- 
ent conditions (M= 1.1, SE = 0.3; ((24) = 3.52, p<0.01), with no 
difference between congruent and control (((24) = 1.66, p = 0.1 1). 
Therefore in the bilingual L2 the incongruent condition in the — 
400 ms SOA elicited the most errors. 

To compare error rates between groups, three 2 (SOA)x3 
(congruency) x 2 (language) ANOVAs were run to compare: 1) the 
monolinguals vs. bilingual LI; 2) monolinguals vs. bilingual L2; 
and 3) bilingual LI vs. L2. The full results can be found in 
Table 3. There were significant main effects of group when 
comparing the monolinguals to the bilinguals in both LI and L2, 
but no differences between bilingual LI and L2. Follow-up (-tests 
indicate that monolinguals had more errors overall, when 
collapsing over SOA and congruency (M=3.0, S£ = 0.2) than 
the LI (M = 2.2, SE = 0.2; ((314.0) = 2.16, p<0.05, d = 0.59) and 
the L2 (M= 1.9, SE = 0.2; ((302.1) = 3.53, jb<0.001, d = 0.97). 

ERP results 

Monolinguals. In the 0 ms SOA, an N im . occurred from 
approximately 350-500 ms (Figure 4), with significant Stroop and 
interference effects at Cz and Pz. As this SOA is analogous to the 
traditional Stroop task, this replicates previous ERP results [52— 
55,59,60,90]. In the -400 ms SOA, an N in( . occurred from 
approximately 200-350 ms after colour presentation (Figure 4), 
with significant Stroop and interference effects at Cz and Pz. N; nc 
latencies were compared between SOAs using independent- 
samples (-tests. There was a significant difference between SOAs 
(((27)= 17.92, p<0.0001, d=3.40) such that the N in( . occurred 
earlier for the -400 ms SOA (258 ms), than for the 0 ms SOA 
(434 ms; Table 4). 

Bilinguals LI Chinese. In the bilinguals LI Chinese 0 ms 
SOA (Figure 5a), an Ni nc occurred from approximately 350- 
550 ms, showing significant interference at Cz and a significant 
Stroop effect at Pz. In the —400 ms SOA, an Ni n(: occurred from 
approximately 200-350 ms after colour presentation, showing 
interference at Cz and Stroop effects at Pz (Figure 5b). Comparing 
component latencies, the N; n( . showed a significantly earlier N; nc 
for the -400 ms SOA (299 ms) than for the 0 ms SOA (459 ms; ( 
(24)= 10.67, jfr<0.0001, d = 2.21; Table 4). 

Bilinguals L2 English. For the bilingual L2 English 0 ms 
SOA (Figure 6a), an Ni nc occurred from approximately 400- 
600 ms, with significant Stroop effects at Cz and Pz and significant 
interference effects at Pz. In the —400 ms SOA, an N; nc occurred 
from 200-350 ms after colour presentation, with significant 
Stroop and interference effects at Cz and Pz (Figure 6b). 
Comparing the latencies between SOAs, the N; nc occurred earlier 
in the -400 ms SOA (278 ms) than the 0 ms SOA (529 ms; ( 
(24)= 15.10, /><0.0001, d=3.03; Table 4). 

Comparison of Stroop conflict effects between 
groups. Differences in conflict processing between groups were 
evaluated in the ERP data by comparing the amplitude of the 
difference waves (incongruent minus congruent) at the N; nc 
window using running (-tests. In the 0 ms SOA (Figure 7a), the 
N^ onset occurred for all groups at approximately 400 ms. The 
negativity was more sustained for the bilingual L2, although there 
were no statistically significant amplitude differences in the 
running (-tests. 

Because running (-tests compare the amplitude at each time 
point, they do not account for temporal shifts; therefore additional 
amplitude comparisons were performed by comparing the peak 
difference wave amplitude (averaged over Cz and Pz) within the 
specific N; nc windows for each group/language (Table 4) using t- 
tests. The bilingual LI showed a slighdy more negative N; nc 
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a! 0 mS SOA b) 




Figure 4. Monolingual ERP data. Monolingual English ERP wave- 
forms at Cz and Pz for the a) 0 ms SOA; and b) -400 ms SOA. 
Significant effects from the running f-tests, within the N inc windows 
(shaded area), are indicated in bars underneath. Topographic maps 
show the N inc components (incongruent vs. congruent), with black dots 
indicating electrodes that show significant differences (p<0.05) 
between the average amplitudes of incongruent and congruent trials 
across the specified window. 
doi:1 0.1 371/journal.pone.01 03424.g004 



amplitude than the monolinguals in the 0 ms SOA (monolinguals: 
-0.54 uV, SE = 0.13; bilinguals: - 1.09, SE = 0.23; £(39.1) = 2.07, 
p<0.05, d = 57), although this difference does not come out in the 
group difference waves presented in Figure 7. There were no 
differences between monolinguals and the L2 or between the LI 
and L2 at the 0 ms SOA (all£'s>0.1 1). There were no differences 
between any of the groups in the —400 ms SOA (all £'s>0.13). 

To investigate differences in Ni„ c peak latency between the 
groups, latency analyses were performed on the difference waves 
for each SOA using the SOA- and group-specific N ilK . windows 
(Table 4). The N; nl: latencies were averaged over Cz and Pz and 
compared between groups with £-tests. In the 0 ms SOA N inc , the 
bilingual L2 N; n(: peak (529 ms) occurred significantly later than 
both the LI (459 ms, £(24) = 3.47, £<0.01, d = 0.70) and 
monolinguals (434 ms; £(44.6) = 5.89, £<0.0001, d= 1.62), but 
monolinguals and the LI did not differ (i(40.9) = 1.43, £ = 0.16, 
d = 0.39). This later peak is likely due to the more sustained N in(: 
component; note that in the difference waves, the onset was 
similar for all groups. In the —400 ms SOA, there was a slightly 
earlier Nj„ c for monolinguals (258 ms) than for the bilingual LI 
(299 ms; £(50.7) = 2.77, £<0.01, d = 0.76) but no difference 
between monolinguals and L2 (278 ms; £(49.5) = 1.31, £ = 0.20, 
d = 0.36) or between LI and L2 (£(24) = 1.37, p = 0. 18, d = 0.28). 
Therefore the N; n( . in the —400 ms SOA occurred later for 
bilinguals than monolinguals. 

Comparison of non-conflict-specific effects between 
groups. As in the behavioural data, the control conditions ('% 
%%%' in English, '%' in Chinese) were compared in the ERP 
data to evaluate the impact of the non-conflict-specific effect. 
Running £-tests were performed from 200 ms after the first 
stimulus until 600 ms after the second stimulus in all SOAs, to 
restrict analyses to the time windows of interest (see Figure 8). In 
the 0 ms SOA, monolingual waveforms were significantly more 
positive than both the LI and L2 from approximately 200-450 ms 
at Cz and Pz. Follow-up £-tests comparing the average amplitude 
over this window at Cz and Pz confirmed that monolinguals 
showed a more positive waveform than the bilingual LI at Pz (£ 
(50.2) = 3.09, £<0.001, d = 0.85) with a trend at Cz (£(50.6) = 1.94, 
£ = 0.06, d = 0.53). The monolingual waveforms were also more 
positive than the bilingual L2 waveforms at Cz (£(48.2) = 2.64, p< 
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Table 4. Summary of the N inc windows, including peak latencies in the difference waves (averaged over Cz and Pz) for each group 


and SOA. 












SOA 


Group 


Language 


Nj nc window 


N in<: peak 


0 ms 


Monolinguals 


English 


350-500 


434 


SOA 


Bilingual LI 


Chinese 


350-550 


459 




Bilingual L2 


English 


400-600 


529 


-400 ms 


Monolinguals 


English 


200-350 


258 


SOA 


Bilingual LI 


Chinese 


200-350 


299 




Bilingual L2 


English 


200-350 


278 
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0.05, d = 0.73) and Pz (4(49.4) = 2.62, p<0.05, d = 0.72). There 
were no differences between the LI and L2 at either electrode (all 
p's>0.16). As can be seen in the topoplots presented in Figure 8a, 
these effects were not limited to Cz and Pz but extended to 
a centro-parietal distribution. 

In the -400 ms SOA, in the N in( . window from 200-400 ms, 
monolinguals had significantly more positive waveforms than the 
bilingual LI at Cz (4(51) = 3.59, p<0.001, d = 0.99) and Pz (/ 

(50.3) = 2.60, p<0.05, d = 0.72), and also more positive waveforms 
than the L2 at Cz (t(50.8) = 3.96, £<0.001, d= 1.09) and Pz (4 

(50.4) = 2.41, p<0.05, d = 0.66); there were no differences between 
the bilingual LI and L2 at either electrode (all ^'s>0.32). There 
were also group differences in an earlier window from approxi- 
mately — 200 to 100 ms (200-500 ms after word presentation). 
Averaging over this window, there was a trend of a difference 
between monolinguals at Pz («(50.8) = 1 .96, p = 0.06, d = 0.54), and 
a significant difference between monolinguals and L2 at Cz (4 
(48.3) = 2.92, p<0.0l, d = 0.80) with a trend at Pz (4(50.8) = 1.66, 
p — 0.10, d = 0.46). The L2 was significantly more negative than 
the LI in this window at Cz (4(24) = 2.50,^<0.05, d = 0.52) but not 
at Pz (4(24) = 0.38, j& = 0.71). As can be seen in the topoplots 
presented in Figure 8b, these effects extended beyond Cz and Pz 
to a centralized scalp distribution. 



Discussion 

The current study investigated the electrophysiological corre- 
lates of the bilingual advantage using a Stroop task with SOA 
manipulation. Two theories of bilingual executive control were 
contrasted: the BICA and the BEPA hypotheses. A conflict-specific 
bilingual advantage in inhibitory control, as predicted by the 
BICA hypothesis, was evaluated by comparing Stroop and 
interference effects in the behavioural data, and the N; nc 
component in the ERP data. A non-conflict-specific bilingual 
advantage in more domain-general executive control, as predicted 
by the BEPA hypothesis, was evaluated by comparing the non- 
linguistic, non-semantic control trials in both the behavioural and 
ERP data. Each hypothesis will be evaluated in turn. 

The conflict-specific bilingual advantage: evaluation of 
the BICA hypothesis 

The BICA hypothesis predicted a bilingual advantage in conflict 
processing such that bilinguals would demonstrate smaller 
behavioural interference effects and smaller N; n[: amplitudes 
[64,9 1] compared to monolinguals. Behaviourally, when compar- 
ing monolinguals to the bilingual LI, there were no significant 
differences in conflict effects in any SOA. However, bilinguals 
showed smaller interference effects in their L2 than monolinguals 
in the 0 ms SOA. These L2 results ostensibly support the BICA 
hypothesis; however, as mentioned in the Introduction, the 








Figure 5. Bilingual LI ERP data. Bilinguals LI Chinese waveforms at 
Cz and Pz for the a) 0 ms SOA; and b) -400 ms SOA. Significant effects 
from the running f-tests, within the N inc windows (shaded area), are 
indicated in bars underneath. Topographic maps show the N inc 
components, plus electrodes showing significant differences (p<0.05) 
between incongruent and congruent trials across the specified window. 
doi:1 0.1 371 /journal.pone.01 03424.g005 




Figure 6. Bilingual L2 ERP data. Bilinguals L2 English waveforms at 
Cz and Pz for the a) 0 ms SOA; and b) -400 ms SOA. Significant effects 
from the running f-tests, within the N inc windows (shaded area), are 
indicated in bars underneath. Topographic maps show the N inc 
components, plus electrodes showing significant differences (p<0.05) 
between incongruent and congruent trials across the specified window. 
doi:10.1 371/journal.pone.01 03424.g006 
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*) 0 ms SOA bl 




Figure 7. ERP difference waves. Difference waves (incongruent 
minus congruent) at Cz and Pz for each group in the a) 0 ms; and b) — 
400 ms SOAs. Significant differences between the groups, as evaluated 
by running f-tests, are plotted in bars below. Shaded regions show the 
approximate N inc windows for each SOA. 
doi:1 0.1 371 /journal.pone.01 03424.g007 

decreased interference in the L2 could instead be a result of 
reduced language proficiency rather than enhanced cognitive 
control [43]. In a weaker language, word frequencies in L2 are 
lower than in the LI (see the temporal delay hypothesis of the BIA 
+ model [22]) and the conceptual links between words and 
concepts are not as strong (see the weaker links hypothesis [92]). 
This could conceptually lead to smaller interference effects not 
because of enhanced cognitive control, but because of a smaller 
influence of the distracting word. A conflict-specific bilingual 
advantage would therefore also require a significant effect in the 
LI compared to monolinguals. However, there were no significant 
differences in conflict effects when comparing monolinguals to the 
bilingual LI in any SOA. Thus we did not find evidence for 
a behavioural conflict-specific bilingual advantage. 

In the ERP data, conflict processing was evaluated via the Nin C 
ERP component. When comparing N; n[ . peaks there was a slightly 
more negative Ni nc amplitude in the 0 ms SOA for the bilingual 
LI compared to monolinguals; however, this difference was not 
reflected when comparing the groups with running Z-tests or in the 
difference waves plotted in Figure 7. Furthermore, there were no 
differences in Ni n(: amplitude when comparing monolinguals to the 



*) 0 ms SOA bl 




Figure 8. Comparison of ERP waveforms for control trials. 

Waveforms of control trials at Cz and Pz for each group in the a) 0 ms 
SOA; and b) —400 ms SOA. Significant differences between the groups, 
based on running f-tests, are indicated in bars underneath. Shaded 
regions indicate the windows of significant group differences, and 
topographic maps show the bilingual - monolingual differences 
(bilinguals averaged over L1 and L2) averaged across these windows; 
electrodes showing statistically significant differences (p<0.05) be- 
tween the bilinguals and monolinguals across the specified window are 
indicated by a black square. 
doi:1 0.1 371 /journal.pone.01 03424.g008 



L2. As discussed above, because differences did not occur in both 
languages, this does not support the BICA hypothesis. 

Interestingly, the bilingual L2 showed a more sustained N^,. in 
the 0 ms and —400 ms SOAs compared to the LI and 
monolinguals, although there were no amplitude differences. 
One potential explanation for this more sustained component is 
that activating the semantic information of the word may be more 
effortful in the L2 due to its reduced automaticity or weaker links 
[22,87], leading to difficulties in evaluating the presence of 
conflict. 

Previous research has demonstrated that bilinguals experience 
significant delays in lexical processing, both in the LI and L2 ([93— 
100]; see [24,101,102] for reviews). Specifically, we have recendy 
observed a delay of 100 ms in early orthographic recognition in 
a second language (Coderre, 2012, unpublished doctoral disser- 
tation). Because Stroop conflict originates from the incongruent 
information of the word stimulus, it is heavily dependent on the 
speed of lexico-semantic access: the word must first be activated in 
order to detect or resolve conflict. Thus a delay in language 
processing in the less-proficient language may also lead to a delay 
in the onset of conflict processing in the Stroop task, leading to 
a delayed in the L2 compared to the LI or to monolinguals. 

Interestingly, however, despite the more sustained N inc in the 
bilingual L2, all groups showed a similar negativity onset at the 
window, suggesting that conflict processing was initiated at 
the same latency in all groups. Using this same dataset we have 
observed a significant delay of the Nl 70 component, an early ERP 
indexing orthographic processing, in the bilingual L2 of 100 ms 
(Coderre, 2012, unpublished doctoral dissertation). Thus despite 
a substantial delay in lexical access speed in the L2, the onset of 
conflict processing was not delayed in the L2 in the current data. 
This suggests that early linguistic processing delays do not persist 
across all subsequent processing, but catch up at some point along 
the way. It may be that conflict detection processes do not wait 
until full semantic access of the word is achieved, and that even 
partial semantic activation is enough to trigger conflict detection 
processes. There are likely a number of other cognitive functions 
occurring between lexical access and conflict detection which may 
have contributed to this alleged compensation in the L2 processing 
delay. Where exactly this compensation would occur requires 
further research; however, the interaction of conflict processing 
and language processing speed is an interesting avenue for future 
research. 

Interestingly, the bilingual LI experienced a significantly later 
in the —400 ms SOA compared to monolinguals. This 
delayed onset of conflict processing in bilinguals could be 
indicative of enhanced inhibitory control over the L 1 . As language 
was blocked in this paradigm, bilinguals may have exerted more 
control over their LI (as the stronger language) to avoid 
interference throughout the entire block, slowing conflict detection 
processes and leading to later N illc components. In the 0 ms SOA, 
being the more cognitively demanding condition, cognitive control 
may also have been heightened in monolinguals, creating a similar 
effect and equalizing conflict processing speed between groups, 
which would explain the lack of group differences in Ni nc latencies. 
This is a tentative interpretation, as no differences occurred in 
behavioural interference effects or N ilK . amplitudes; bilinguals 
could alternatively have an enhanced ability to ignore LI word 
meanings for the task at hand (see next section). Nevertheless, 
these differences in Nm C latencies at long-latency SOAs may be an 
interesting way of assessing language control. 

In sum, the evidence for a conflict-specific bilingual advantage 
supporting the BICA hypothesis is limited in the current data: 
although group differences occurred in interference effects and the 
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component, these differences were not consistent across 
languages. The tenuous expression of a conflict-specific advantage 
in the current data supports Hilchey & Klein's [9] conclusion that 
the bilingual advantage in conflict processing is a sporadic and 
elusive phenomenon. We next turn our attention to evaluations of 
the BEPA hypothesis. 

The non-conflict-specific bilingual advantage: evaluation 
of the BEPA hypothesis 

A non-conflict-specific bilingual advantage in domain-general 
executive control (BEPA hypothesis) was investigated by compar- 
ing control trials, both behaviourally and in the EEG data. 
Bilinguals experienced a behavioural non-conflict-specific advan- 
tage in both languages, such that they showed faster control RTs 
than monolinguals in the non-linguistic, non-conflict control trials. 
This advantage occurred in both languages for the bilinguals. 
Importantly, this was not a speed-accuracy trade-off, as error 
analyses indicated that monolinguals made more errors overall 
than bilinguals, as well as being slower overall in the control 
condition. Thus overall, the behavioural data support the BEPA 
hypothesis, demonstrating a general enhancement in executive 
control that is not affected by language context. 

In the ERP data, comparisons of control trials across groups 
yielded significant differences in all SOAs. Specifically, bilinguals 
showed more negative waveforms within the Ni m . windows, in 
both languages, than monolinguals. Because this enhanced 
negativity in the non-linguistic, non-conflict control trials was 
associated with faster behavioural RTs, this reflects more efficient 
cognitive processing in bilinguals, as predicted by the BEPA 
hypothesis. Additionally, these findings go against the BICA 
hypothesis, which would predict no differences between groups in 
the absence of conflict. 

Crucially, in the —400 ms SOA the increased negativity for 
bilinguals occurred not only at the N in(: window but also from — 
200 to 100 ms before colour presentation (200-500 ms after 
control stimulus presentation). In the —400 ms SOA, upon word 
presentation it is not yet known whether the stimulus will be 
congruent or incongruent, as the colour has not appeared yet. 
However, we observed differences in the EEG waveforms between 
monolinguals and bilinguals before the onset of the colour, and 
therefore before the onset of conflict. Such early differences 
suggest that the bilingual executive processing advantage does not 
arise from more efficient conflict monitoring processes [33] but 
from more domain-general cognitive processing. This suggests that 
bilinguals were handling the pre-exposed distractor stimulus 
differently from monolinguals. We propose that bilinguals may 
be more efficiently engaging a control mechanism such as 
suppression of distracting or irrelevant information, regardless of 
the presence of conflict or semantic salience. 

In support of this conjecture, we have recently demonstrated, 
using this Stroop SOA paradigm with fMRI in monolinguals 
[103], that relative to simultaneous stimuli presentation in the 
0 ms SOA, negative SOAs elicited greater task-related signal 
change in the left inferior frontal gyrus (LIFG), a region believed to 
implement cognitive control via suppression of irrelevant semantic 
information [26,104—106]. Because this effect was greater in 
response to the pre-exposed word in negative SOAs, it was 
hypothesized that these monolingual participants were engaging 
a proactive strategy of 'distractor suppression' in order to avoid 
conflict when the colour stimulus was subsequently presented. This 
mechanism recalls the dual mechanisms of control theory of 
Braver and colleagues [107-109], which proposes two mechan- 
isms of cognitive control: one a 'late correction' reactive response 
engaged to resolve conflict once it has occurred; and one 



a proactive 'early selection' strategy engaged to pre-emptively 
reduce control demands for when conflict occurs. The fact that 
group differences were observed before the onset of conflict in the 
current ERP data may suggest that this mechanism of distractor 
suppression, while engaged by all participants, is more efficient in 
bilinguals. This is in line with recent evidence from Morales et al. 
[110] who, using a continuous performance task requiring both 
proactive monitoring and reactive inhibition, found that bilinguals 
were more efficient at adjusting between proactive and reactive 
control. Thus a mechanism of proactive distractor suppression 
could explain the more negative ERP amplitudes and correspond- 
ingly faster behavioural control RTs observed in bilinguals in the 
current data. 

As a caveat, it should be mentioned that based on the current 
data and literature, it is unclear whether this mechanism 
underlying the non-conflict-specific bilingual advantage deals with 
distracting and/ or irrelevant stimuli via active inhibition of the 
information, as proposed here as a difference in 'distractor 
suppression', or via a more passive ignoring of the information by 
top-down guidance of attention, as proposed by Hernandez et al. 
[49]. These are two subtly different aspects of executive control (e. 
g. see [1 1 1]) that the present paradigm was not designed to 
distinguish between. To some extent this is two sides of the same 
coin, but future research should seek to make this distinction by 
designing studies specifically aimed at teasing apart attentional 
control vs. distractor suppression influences in bilinguals. For 
example, we are pursuing the possibility that an enhanced ability 
of bilinguals to direct attention to the target stimulus or away from 
the irrelevant stimulus would be manifest in early visual 
components like the Nl [112]. In any case, the crucial finding 
in this study is that group differences in executive control 
performance were observed in control trials in the current 
paradigm, which contained no conflict or semantic information, 
and occurred before the onset of conflict in the —400 ms SOA. 
We propose that this provides evidence of a domain-general 
mechanism of proactive distractor suppression and/ or top-down 
attentional guidance which operates independently of both 
language context and the presence of conflict, as predicted by 
the BEPA hypothesis. Therefore this study adds to the extant 
literature demonstrating that the bilingual advantage is not specific 
to inhibitory control but extends to more global executive 
processing (e.g. [9,33,49,110]). 

Additional factors may have affected the results obtained here. 
It is still unclear how language-specific characteristics of a bilingual 
population, including variables like L2 proficiency, age of 
acquisition, and immersion experience influence the presence 
and magnitude of the bilingual advantage. For example, although 
the bilinguals tested here were relatively low-proficiency, they were 
all immersed in an L2 environment at the time of testing, which 
may lead to differences when comparing to other studies. Future 
studies should also replicate these results with bilinguals of 
different languages, to address whether native languages other 
than Chinese show similar effects as those described here. It is also 
possible that other factors besides bilingual status could be 
contributing to the observed group differences, such as in- 
telligence, verbal abilities, or working memory. Although we did 
not investigate these variables in the current study, other studies 
controlling for factors like intelligence, video game experience, and 
digit span have also reported a bilingual advantage (e.g. 
[30,32,49]), so we feel confident that these effects are primarily 
driven by bilingual status. Nevertheless, these are important factors 
to keep in mind for future research. 

The current findings should also be replicated using a non- 
linguistic conflict task. Although we compared the non-linguistic 
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control trials in an attempt to eliminate linguistic influences when 
evaluating the bilingual advantage, it is possible that bilinguals 
may have more efficient mechanisms of distractor suppression in 
a language context. Future studies should test for more efficient 
mechanisms of distractor suppression in non-linguistic tasks, for 
example in a flanker task with varying SOAs. 

In conclusion, the current data demonstrated some significant, 
but inconsistent, evidence for a conflict-specific bilingual advan- 
tage. However, there was evidence for a non-conflict-specific 
advantage in bilinguals. Specifically, the ERP data demonstrated 
group differences before the onset of conflict, suggesting that 
bilinguals may exhibit more efficient mechanisms for the 
management of irrelevant stimuli, regardless of the presence of 
conflict or semantic information. Being one of only a few studies to 
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investigate the bilingual advantage using EEG, this work sheds 
a new light on this phenomenon and demonstrates that the 
advantage is a result of a proactive management of the 
environment, rather than a reactive response to it. 
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